Plants associate through their roots with fungal assemblages that impact their abundance and productivity. Non-mycorrhizal endophytes constitute an important component of such fungal diversity, but their implication in ecosystem processes is little known. Using a selection of 128 root-endophytic strains, we defined functional groups based on their traits and plant interactions with potential to predict community assembly and symbiotic association processes. In vitro tests of the strains' interactions with Arabidopsis thaliana, Microthlaspi erraticum and Hordeum vulgare showed a net negative effect of fungal colonization on plant growth. The effects partly depended on the phylogenetic affiliation of strains, but also varied considerably depending on the plant-strain combination. The variation was partly explained by fungal traits shared by different lineages, like growth rates or melanization. The origin of strains also affected their symbioses, with endophytes isolated from Microthlaspi spp. populations being more detrimental to M. erraticum than strains from other sources. Our findings suggest that plant-endophyte associations are subject to local processes of selection, in which particular combinations of symbionts are favored across landscapes. We also show that different common endophytic taxa have differential sets of traits found to affect interactions, hinting to a functional complementarity that can explain their frequent coexistence in natural communities.
Introduction
Root endosymbiotic fungi have impacts on ecosystem functioning through their effects on plant productivity and community assembly (Bever et al., 2010 (Bever et al., , 2012 . Some, such as mycorrhizal fungi, develop mutualistic interactions that allow plants to exploit habitats that would otherwise be inaccessible to them, and to boost their competitiveness over plants lacking these associations (Bever et al., 2010) . Others have evolved pathogenic lifestyles and can reduce considerably their hosts' fitness, thus contributing to the diversity of plant communities (Van der Putten et al., 1993; Wardle et al., 2004; Mangan et al., 2010) . In addition to these relatively welldefined symbionts, healthy plant roots harbor a broad diversity of other fungi, referred to as root endophytes (Rodriguez et al., 2009; Sieber and Grünig, 2013) . The effects of root endophytes on their hosts' development are poorly known, and hence their function in natural ecosystems remains cryptic (Mandyam and Jumpponen, 2005) .
Non-mycorrhizal endophytes represent the largest fraction of the fungal diversity within roots, and they are found in all plants and land ecosystems (Vandenkoornhuyse et al., 2002; Sieber and Grünig, 2013) . They form polyphyletic ensembles seemingly adapted to the root environment, as their structure and composition differ from those in the neighboring soil and plant organs (Maciá-Vicente et al., 2012; Coleman-Derr et al., 2016) . Because the endophyte concept constitutes a catchall classification encompassing all symbionts in the interior of healthy plant tissues (Rodriguez et al., 2009) , it is likely to lump together fungal lineages with heterogeneous ecological roles. For example, it is argued that endophytes develop symbioses ranging from parasitic to mutualistic (Mandyam and Jumpponen, 2015) or that depend on the trade-off of particular resources (Newsham, 2011) . Moreover, the occurrence of particular endophytes depends on host identity and environmental conditions (for example, Maciá-Vicente et al., 2008a Wehner et al., 2014; Glynou et al., 2016) , they can occupy different root compartments, or follow distinctive patterns of colonization (Maciá-Vicente et al., 2008b , 2009a Peterson et al., 2008; Atsatt and Whiteside, 2014) . A comprehensive characterization of the symbiotic roles played by endophytes is necessary to understand the evolutionary processes determining the plant-associated fungal diversity and its contribution to the feedbacks that sustain natural communities (Bever et al., 2012) .
Many studies have aimed to assess the natural function of endophytes by reproducing their interaction with plants under controlled conditions (for example, Usuki and Narisawa, 2007; Maciá-Vicente et al., 2008b , 2009a Tellenbach et al., 2011; Keim et al., 2014; Jumpponen, 2014, 2015) . They provide examples of specific associations between particular fungal and plant genotypes, but they are difficult to extrapolate to general scenarios owing to a high intra-specific variability of the interactions (Tellenbach et al., 2011; Mayerhofer et al., 2012) and to the difficulty in detecting responses in either symbiont (Mandyam and Jumpponen, 2005) . Alternative approaches based on the measurement of fungal traits have been proposed to unravel the implication of fungi in ecosystem dynamics (Aguilar-Trigueros et al., 2014 , 2015 . Classifications of species based on their sets of traits have been used to define major life history strategies, which, in turn, can predict patterns of biodiversity, community assembly and natural associations (Chagnon et al., 2013) .
Trait-based approaches have proven valuable to identify relationships between life history and functional traits of arbuscular mycorrhizal fungi and their plant interactions (for exampl, Powell et al., 2009; Maherali and Klironomos, 2012; Chagnon et al., 2013) . For example, differences across arbuscular mycorrhizal fungal lineages in rates of nutrient exchange with hosts, sporulation and biomass allocation to mycelial compartments, are linked with their association and interaction with particular plants, their biogeographic and successional patterns, and their community structure (Chagnon et al., 2013) . Distinctive traits have also been used to define groups of non-mycorrhizal endophytes, like in the so-called dark-septate endophytes (DSE; Jumpponen and Trappe, 1998) . But how these traits are relevant for the symbiosis is seldom known, and systematic studies on the patterns of distribution and evolution of characters across endophytic lineages are lacking (Aguilar-Trigueros et al., 2014) .
In this study, we examine the influence of phylogeny and traits of root-endophytic fungi on their interaction with plants. We employ a collection of strains isolated from different plant species, geographical locations and habitats. Most of them originate from a screening of the non-mycorrhizal plant Microthlaspi spp. (Brassicaceae) across Europe (Glynou et al., 2016) , which harbored a broad diversity of endophytes. In it, a few endophytes with disparate phylogenetic affiliations, like Fusarium spp., Alternaria spp. and Cadophora spp., were ubiquitous and co-existed frequently in the same root communities, but displayed distinctive distribution patterns and ecological preferences. Therefore, our collection provides a basis to assess patterns of trait variation across fungal lineages, geography and ecological conditions. Here, we measure life history traits of endophytes, such as growth rates and sporulation capacity, as well as traits proposed to be potentially functional for the symbiosis, like hyphal melanization and production of intraradical microsclerotia-defining characters of DSE-and enzymatic activities that can facilitate host nutrient uptake or assist fungal penetration of plant tissues (Mandyam et al., 2010) . In addition, we assess the effect of strains on the growth of Microthlaspi erraticum, its confamilial Arabidopsis thaliana and the gramineous Hordeum vulgare (Poaceae). Our aim is to test how the interactions between rootendophytic fungi and plants are influenced by phylogenetic conservatism, as well as by convergent traits and ecological origins of fungi that are unrelated to phylogeny.
Materials and methods

Fungal strains and plant material
One hundred and twenty-eight fungal strains isolated from roots of different plant species and geographical locations were used in this study. The majority originate from Microthlaspi spp. (Glynou et al., 2016) , whereas others were isolated from Salicornia spp. (Amaranthaceae). Endophytes were isolated in culture after the surface-sterilization of roots as described by Maciá-Vicente et al. (2012) , and selected prior to their identification by choosing morphologically divergent strains from different plants/locations. In addition, we obtained Serendipita indica (syn: Piriformospora indica) CBS 125645 from the KNAW-CBS Fungal Biodiversity Centre. S. indica has been thoroughly studied as a model endophyte with a mutualistic interaction with multiple plants (Banhara et al., 2015) . A description of all strains is provided in Supplementary Table S1 .
The plants A. thaliana ecotype Col-0, M. erraticum and H. vulgare cv. Barke (barley) were used as hosts in plant-endophyte interaction assays. Seeds of A. thaliana were provided by the Laboratory of Plant Physiology of Wageningen University. Seeds of M. erraticum were collected from a field population in Germany (Mp_K11; Ali et al., 2016) . Barley seeds were provided by the company Saatzucht Josef Breun GmbH & Co. KG (Herzogenaurach, Germany).
Molecular characterization of strains
We obtained the sequences of the ribosomal DNA internal transcribed spacer regions (ITS) of all Trait-based classification of root endophytes SH Kia et al strains. ITS sequences from most strains were already available from Glynou et al. (2016) , and the rest were obtained as described therein. We also followed the procedures in Glynou et al. (2016) to assign the strains to taxa and to group them into operational taxonomic units (OTUs). In brief, genomic DNA was extracted from fungal mycelia using the BioSprint 96 DNA Plant Kit (Qiagen, Hilden, Germany) on a KingFisher Flex 96 robotic workstation (Thermo Fisher Scientific, Waltham, MA, USA). ITS sequences were amplified and sequenced using the primer pair ITS1F/ITS4 (White et al., 1990; Gardes and Bruns, 1993) , and they were then classified at different taxonomic precisions with the Naive Bayesian classifier tool of Mothur v1.34.4 (Wang et al. 2007; Schloss et al. 2009 ), based on comparisons with the UNITE database of curated fungal ITS sequences (Kõljalg et al., 2013) . Strains were grouped into OTUs according to ITS pairwise similarity of at least 97%, using the BLASTClust program (Altschul et al., 1997) . The taxonomic classification of strains and the GenBank accession numbers of all sequences are provided in Supplementary Table S1 .
We built a molecular phylogeny with the ITS sequences using Bayesian inference. The ITS1, 5.8S and ITS2 regions were independently aligned using MAFFT v7.123b (Katoh and Standley, 2013) , and ambiguously aligned regions were removed using Gblocks v0.91b (Castresana, 2000) . Two parallel MCMC analyses, using the GTRGAMMA model with independent parameter estimates for each partition, were run in MrBayes v3.2.2 (Huelsenbeck and Ronquist, 2001 ) for 10 M generations with sampling every 100th generation and 30% burn-in. An ultrametric majority-rule consensus tree was used in subsequent analyses. Whereas the ITS regions are not suitable for phylogenies involving distantly related taxa owing to their variability, our trimmed alignment consisted mostly of the conserved 5.8S gene. The latter has been used in phylogenies of highly divergent taxa (Redecker et al., 1999) , and our resulting tree reflected the OTU relationships among strains (Supplementary Figure S2) .
Morphological and physiological characterization of strains
The strains were maintained in triplicate cultures on corn meal agar (CMA, Sigma-Aldrich, St. Louis, MO, USA) and malt extract agar (MEA, Applichem, Darmstadt, Germany). We recorded the presence/ absence of conidia and darkly pigmented (dematiaceous) mycelia in cultures for up to 3 months. Radial growth rates were measured three days after plating on each medium and reported as millimeters of colony expansion per day. We measured the production of extracellular enzymes using custom plate assays. Cellulase activity was assessed by the clearing halo produced by 7-dayold colonies on Czapek-Dox agar with 0.5% (w/v) carboxymethylcellulose sodium salt as sole carbon source (Johnsen and Krause, 2014) . Peptidase, pectinase, laccase and peroxidase activities were measured following the methods described by Basiewicz et al. (2012) . In addition, the ability of strains to solubilize mineral phosphate was measured as in Zavala-Gonzalez et al. (2015) . Cellulase, pectinase and phosphate solubilization activities were measured as the proportional width of the clearing halo respect to colony diameter. Peptidase, laccase and peroxidase activities were rated according to a 1-4 semiquantitative scale.
Arabidopsis and microthlaspi inoculation assays
We tested the effect of colonization by individual strains on the development of A. thaliana and M. erraticum using an in vitro assay (Supplementary Figure S3) . Surface-sterilized seeds were plated on half-strength Murashige-Skoog basal salt solid medium (MS, Sigma-Aldrich; Murashige and Skoog, 1962) , stratified for 2 days at 4°C in the dark, and then incubated for 7 days at 23°C under continuous illumination (80 μmol m
). Upon emergence of the first true leaves, seedlings were transferred to 24-well plates containing MS medium and maintained in the same incubation conditions. After 10 days, plants were inoculated with individual strains or left uninoculated in controls. Because many strains did not sporulate in culture, inoculation was performed by puncturing the margin of actively growing colonies on CMA with a sterilized toothpick to collect a small amount of mycelium, and then transferring it a few millimeters from the crown of plants by inserting it in the agar. Ten days after inoculation, the development of mycelium in roots was confirmed under a stereomicroscope. Symptoms of chlorosis and/or necrosis in leaves were rated on a semi-quantitative scale (0 = none, 1 = up to 30% chlorotic/necrotic leaves, 2 = 30-60%, 3 = 460%, 4 = dead plants), and the fresh weight of the aerial tissues was measured. Every treatment consisted of five replicates, performed simultaneously in a separate 24-well plate each. The layout of treatments was randomized within wells to minimize potential effects on the data owing to position. Experiments were performed in batches including 23 strains and a control treatment each, and measurements for each fungal treatment were compared only to its respective control. To assess the reproducibility of assays, we repeated them for 34 strains in A. thaliana (Supplementary Figure S4) .
Barley inoculation assays
The effects of root colonization on barley were assessed using a standard in vitro assay (Dufresne and Osbourn, 2001; Maciá-Vicente et al., 2008b) . In brief, 2-day-old seedlings obtained from
Trait-based classification of root endophytes SH Kia et al surface-sterilized seeds were planted in glass tubes with 30 ml sterilized, hydrated vermiculite. Four 5-mm-diameter plugs taken from the margin of actively growing colonies on CMA were used as inoculum, by placing them 2-3 cm deep in the vermiculite. Control tubes were mock-inoculated with sterile CMA plugs. Plants were grown under long day conditions (16 h:8 h, light:dark, 80 μmol m − 1 s − 1 ) at 23°C. The fresh weight of roots and shoots was measured after 10 days. In this case, we did not score symptoms because they were seldom evident in leaves, and detrimental effects were manifested by reductions on biomass (Supplementary Figure S3) . Treatments consisted of 10 replicates, which were performed in batches of three to nine strains and one un-inoculated control treatment each. We repeated these assays for five strains to test their reproducibility (Supplementary Figure S4) .
We assessed the endophytic colonization of roots by cultivation and microscopy methods. In the first case, one to two roots per plant were surfacesterilized for 1 min with 0.5% sodium hypochlorite, rinsed with sterilized deionized water, and cut into 0.5 cm pieces. Ten root pieces per plant were randomly selected, dry-blotted onto sterilized paper and plated on CMA. The efficacy of the sterilization procedure was assessed in a subset of 30 root pieces per treatment with the imprint method (Hallmann et al., 2006) . The percentage of root pieces colonized was recorded 5-7 days later. For the microscopical observation of root colonization, we randomly selected three barley plants per treatment. One entire seminal root per plant was cleared overnight in a 1 M KOH solution, stained with acidified lactophenol blue and kept in acidified glycerol until observation. Samples were observed in squash preparations, in which epiphytic and/or endophytic root colonization, and the presence of microsclerotia were recorded (Supplementary Figure S5) . The latter was considered as a fungal trait in subsequent analyses.
Statistical analyses
Data organization. Statistical analyses were performed using R v3.0.2 (R Core Team, 2013). Data from the inoculation assays were first assessed for normality and homoscedasticity, and then treatments were compared using analysis of variance or the Kruskal-Wallis test. Subsequent pairwise comparisons of each fungal treatment against its respective control were done by either t-tests or Wilcoxon tests with a Holm-Bonferroni correction. In order to incorporate these data into further analyses, we calculated the effect size of biomass variables from each treatment respect to its un-inoculated control. Effect sizes with 95% confidence intervals were calculated according to the Cohend's d statistic (Cohen, 1988) using function cohen.d in package effsize v0.5.4 (Torchiano, 2015) , which measures the difference in means and standardizes it by their pooled s.d.
Fungal identifications resulted in several strains isolated from the same plant population being assigned to the same OTU. We considered them likely to belong to the same genets. In order to avoid repeated observations that could inflate the significance of tests, we thinned our datasets to 115 strains representing unique potential genets (Supplementary Figure S2 ). Pairs of strains within each potential genet often showed similar effects on plant growth (Supplementary Figure S6) , and hence alternative selections of strains hardly changed results in downstream analyses.
Analysis of fungal traits. We used principal component analysis with standardized morphological and physiological trait data to summarize the differences among the 115 selected strains. We assessed the goodness of fit of the principal component analysis using the broken-stick criterion, which tests the cumulative percentage of variance explained respect to a random breakdown of variance. Individual variables significantly contributing to axes were identified using the equilibrium circle method (Legendre and Legendre, 2012) .
Measurement of phylogenetic signal. We calculated the phylogenetic signal in the response of plant growth to fungal inoculation with the K statistic (Blomberg et al., 2003) , using function phylosig in package phytools v0.5 (Revell, 2011) . The method is used to assess conservation of traits among species, with K = 0 indicating absence of a phylogenetic signal, and Ko1 or K41 resemblance lower or higher than expected under Brownian motion evolution. Because simultaneous inferences of phylogenetic signal between species and within species are difficult to interpret (Blomberg et al., 2003) , we only included in these analyses individual values for each OTU as the mean of the effects by its strains. Sampling errors of within-OTU variability were incorporated following Ives et al. (2007) , assuming variances for OTUs with only one strain equal to the mean of the overall within-OTU variance. The significance of K was assessed by comparing with a random shuffle of values at the tips of the phylogenetic tree. We also tested for phylogenetic signal in the interactions of strains within the orders Pleosporales, Hypocreales or Helotiales, separately.
Contribution of strain features to plant interactions.
To assess the influence of phylogeny, traits and origin of strains on plant growth, we applied the variation partitioning method described by Desdevises et al. (2003) with function varpart in package vegan v2.2-1 (Oksanen et al., 2015) . We performed the tests independently for each plant species, including as a response variable the effect size of their biomass as affected by every fungus. The variation was decomposed into three independent explanatory matrices gathering variables related to the strains' traits, origin (geographical coordinates, and natural host as Microthlaspi spp. or others) and phylogeny (principal coordinates (PCs) obtained from the phylogenetic tree). We retained only 19 PCs that were significantly correlated in linear regressions (Po0.05) with the effects on at least one plant, representing a combination of early (PCs 1 and 2) and late phylogenetic divergences. The significance of the variance fractions explained by each component was tested using permutation tests with pseudo F-ratios.
To estimate the contribution of each fungal lineage to tree-wide variation in traits, we calculated their contribution indices (Moles et al., 2005) using the aotf function in the program phylocom v4.2 (Webb et al., 2008) . The index measures the proportional contribution of individual nodal divergences along the phylogeny to extant trait variation. Statistical support is assessed by comparing the values with those obtained by a random shuffle of traits at the tree tips. A trait can be considered conserved if more variation is explained by ancient than by recent divergences (Maherali and Klironomos, 2012) .
We tested for potential relationships between individual trait/origin variables and the effects on plant biomass, using phylogenetic generalized least squares to account for phylogenetic signal in the data. Phylogenetic generalized least squares estimates regression parameters weighted by phylogenetic signal measured as Pagel's λ (with 0 and 1 indicating no or strong signal, respectively; Pagel, 1999) , and it is equivalent to an ordinary least squares model when the signal is absent in the residuals (Symonds and Blomberg, 2014) . These analyses were carried out using function pgls in package caper v0.5.2 (Orme et al., 2011) .
Results
Taxonomic classification of strains
The strains were classified in 54 OTUs and ascribed to 17 families in 11 orders. Among the 115 strains representing likely independent genets, 111 (96.5%) were species of Ascomycota and four (3.5%) of Basidiomycota. The most frequently encountered orders were Pleosporales and Hypocreales, with 56 (48.7%) and 39 (34%) strains belonging to 26 (48.1%) and 11 (20.4%) OTUs, respectively (Supplementary Figure S1 ). They were followed by Helotiales, with 10 strains (8.7%) in seven OTUs (13%), whereas other orders were represented by two or less strains each (Supplementary Figure S1) . Within Pleosporales, 29 strains (25.2%) in seven OTUs (13%) belonged to the family Pleosporaceae and were mainly represented by OTUs related to Alternaria spp. Other OTUs within Pleosporales were designated as family incertae sedis or remain unclassified. Most members of Hypocreales belonged to Nectriaceae, with 31 strains (27%) out of which 29 belonged to six OTUs classified as Fusarium spp. The most frequent of these were OTU001 with affinities to Fusarium tricintum and Fusarium avenaceum, and OTU003 related to Fusarium oxysporum. Other species of Hypocreales were assigned to Emericellopsis and Ilyonectria, with families incertae sedis. Six Helotiales strains (5.2%) had ITS affinities with the genus Cadophora with family incertae sedis, and are referred to as Cadophora-like onwards (Supplementary Figure S1) .
Characterization of strain traits
We measured variables of morphology, growth rates and enzymatic and phosphate solubilization activities in all fungal strains (Supplementary Table S1 ; Supplementary Figure S5) . A principal component analysis ordination of the trait data explained an overall 48.4% of the variance (Figure 1 ), larger than that explained by a random breakdown of variance (36%). The first component collected most information related to the strains' growth rates and clearing halos (Figure 1a) . The second component mainly represented variation in peroxidase activity, pigmentation and production of intraradical microsclerotia (Figure 1a) . The ordination of strains reflected their phylogenetic affinities (Figure 1b) , with a clear separation of Hypocreales, Pleosporales and Cadophora-like strains along the first axis. Members of Nectriaceae formed a compact cluster clearly separated from other Hypocreales and most other fungi (Figure 1b) . Strains within Pleosporaceae showed a tendency toward a high peroxidase activity and the formation of dematiaceous mycelia and microsclerotia, although they also showed a wide variability in these characters (Figure 1b) .
Effect of fungal strains on plant growth
Inoculation assays of individual strains in A. thaliana, M. erraticum and H. vulgare yielded a wide range of growth responses, ranging from a strong inhibition to a moderate stimulation of plant biomass production in comparison to un-inoculated controls (Figure 2 ; Supplementary Figure S3) . The overall effect of fungal inoculation was negative for all host species (W = 395-1685, Po0.001), but it was less marked in barley. Similar results were obtained when considering variables of plant development other than total biomass, because they were strongly collinear with it (Pearson's ro − 0.74, Po0.001 for symptoms data in both Brassicaceae; r40.97, Po0.001 for the effects on shoot and root biomass in H. vulgare). Moreover, similar effects were observed in repetitions of these experiments with subsets of strains (Supplementary Figure S4) .
We only found conservatism in the response of M. erraticum to fungal inoculation (Table 1) . OTUs within the Hypocreales had a conserved effect on A. thaliana but non-significant signals in their interactions with M. erraticum and H. vulgare (Table 1) . The responses to fungal inoculation varied considerably across plants and fungal lineages. M. erraticum and H. vulgare were most negatively affected by Fusarium spp. strains, whereas the strongest negative effects on growth of A. thaliana were caused by members of the Pleosporaceae (Figure 2, Supplementary Figure S7 ). Fungal OTUs with the strongest overall virulence towards either plant species, such as Fusarium spp. OTU001 and OTU003, and Alternaria sp. OTU008, also showed a broad within-group variability that spanned the entire range of interactions (Figure 2,  Supplementary Figure S7 ). The effects of Cadophora-like strains were always close to neutrality (Figure 2, Supplementary Figure S7 ).
Fungal colonization of roots
Fungal root colonization was detected in most plants at the moment of sampling. In H. vulgare, we quantified the degree of colonization in culture, and we often observed it directly by light microscopy (Supplementary Figure S5) . We did not find a significant phylogenetic conservatism in the fungal colonization of barley roots (K = 0.7, P = 0.9). Root colonization was negatively correlated, after controlling for phylogenetic signal, with the effect on total plant biomass of each strain (slope = − 0.023 ± 0.003, adj. R 2 = 0.27, F 124 = 32.82, Po0.001, λ = 0). A similar result was obtained for the effect on shoot and root biomass (Supplementary Table S2 ). Moreover, root colonization was positively correlated with all variables of fungal growth (Po0.01).
Contribution of strain features to plant interactions
We evaluated the contribution of strain variables related to phylogeny, traits and origins, to the effect of fungal inoculation on plant growth (Figure 3) . Models for each plant explained a significant proportion of the variation in their growth response to fungal inoculation (48-59%, Po0.001). The phylogeny of strains predicted the largest fraction of the variance in A. thaliana and M. erraticum (45.1 and 35.7%), but it was less informative than the strains' traits in H. vulgare (25.1% respect to 33%). Some fungal clades contributed greatly to the overall phylogenetic signal, mainly representing late divergences in the phylogenetic tree at the OTU level (Figure 4) . Fusarium sp. OTU001 had the largest contribution to overall variance in the responses of M. erraticum and H. vulgare, whereas divergences in growth of A. thaliana were most affected by several pleosporaceous OTUs (Figure 4 ). These late divergences contrast with those obtained for mycelial traits, which tended to be greater earlier in the phylogeny (Figure 4, Supplementary Figure S8 ). The response of both Brassicaceae had little dependence on the strains' traits alone (4-8%), which had an effect partly indistinguishable from that of the strains' phylogeny in M. erraticum (Figure 3) . Fungal traits explained a significant amount of the interactions with H. vulgare (33.1%). Only the response of M. erraticum to colonization was significantly correlated with the strains' origin (Figure 3) . . Different symbols within each of these orders indicate strains belonging to different families, or to paraphyletic groups at that taxonomic level. Ellipses delimit 95% confidence intervals around the strains of Nectriaceae (solid circles), Pleosporaceae (solid squares) and Helotiales incertae sedis ( = Cadophora-like, solid triangles). Abbreviations: cel.g, growth rate on cellulose; cel.h, degradation halo on cellulose; cel.i, cellulase activity; cma, growth rate on CMA; dem, pigmentation; gel.g, growth rate on gelatin; lacc.i, laccase activity; mea, growth rate on MEA; mic, production of microsclerotia; P, phosphorus solubilization; pec.g, growth rate on pectin; pec.h, degradation halo on pectin; pec.i, pectinase activity; per. i, peroxidase activity; prot.i, protease activity; spo, production of conidia.
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Phylogeny-independent determinants of plantendophyte interactions
We assessed the correlation between individual strain variables included in the variation partition and the response of plants to fungal colonization using phylogenetic generalized least squares to subtract phylogenetic signal. All descriptors of hyphal growth were strongly associated with negative effects on the development of the three plants (Table 2) . Of the physiological characteristics of strains, only laccase and pectinase activities showed a significant association with biomass of H. vulgare (Table 2) . Production of dematiaceous mycelium and conidia had contrasting positive and negative relationships with the development of individual plant species, respectively (Table 2 ). 
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Interestingly, strains originally isolated from Microthlaspi spp. showed a stronger virulence than strains from other sources toward the congeneric M. erraticum (Table 2) .
Discussion
We provide evidence that the effects of nonmycorrhizal fungal root endophytes on plant growth are strongly influenced by the phylogeny of fungi. However, the phylogenetic signal is mostly explained by recent divergences that indicate little conservatism in the evolution of interactions. Moreover, particular fungal traits shared by phylogenetically dispersed taxa affected to a different extent the plant responses to fungal inoculation. These effects always followed a similar trend in different plant species, suggesting a direct relation of the traits with specific types of associations, or their linkage with other characters relevant to the symbiosis (Treseder and Lennon, 2015) . The collation of these traits across strains allows a rough functional classification of the fungal diversity included in our study, and to hypothesize about their influence in the assembly of natural root-endophytic communities.
Effect of fungal colonization on plant development
The net effect of fungal colonization on plant biomass was negative, consistent with previous results based on the controlled inoculation of plants with root endophytes (Tellenbach et al., 2011; Mayerhofer et al., 2012; Keim et al., 2014; Mandyam and Jumpponen, 2015) . Our experimental system included the plant as the sole carbon source to sustain fungal growth, which conditioned a strong negative correlation between fungal development and plant biomass, similar to that reported in other endophytic interactions (Tellenbach et al., 2011) . However, the negative responses were often small, and strong compromises of plant growth and development of symptoms were scarce. Most root endophytes do not seem an important burden to their hosts, suggesting that their parasitism may be easily compensated by slight enhancements of plant fitness in their natural habitat. Mutualistic interactions depend on a balance between net costs and benefits provided by symbionts, whereby they can become parasitic in the absence of the ecological factors that drive the relationship. There are multiple instances of non-mycorrhizal endophytes providing their hosts with benefits when exposed to external factors, such as pathogens (Maciá-Vicente et al., 2008b) , environmental stress (Rodriguez et al., 2008) or nutrient shortages (Usuki and Narisawa, 2007; Behie et al., 2012; Hiruma et al., 2016) . Endophytes are likely implicated in different yet unknown contextdependent trade-offs associated with conditions not reproduced in our system. A blind testing of multiple environmental factors was out of the scope of our study, but further work in this direction may help to unravel context-dependent symbioses.
Phylogenetic conservatism of plant-endophyte interactions Plant responses to endophytic colonization partly depended on the phylogenetic relations of strains, suggesting the evolution of distinctive strategies for the interaction with hosts. These effects varied markedly across plant species, in line with studies evidencing a large dependency of plant-fungus symbioses on the specific combination of partners (Klironomos, 2003; Mandyam and Jumpponen, 2015) . Much of the variation was associated with negative feedbacks with fungi related to well-known pathogens, particularly species within Fusarium, and Pleosporaceae like Alternaria spp. These lineages often dominate roots of healthy wild plants (Maciá-Vicente et al., 2008a Knapp et al., 2012; Sánchez Márquez et al., 2012; Glynou et al., 2016) , where their detrimental effects appear to be mitigated by environmental conditions and/or interactions with extant microorganisms. But the linkage between particular responses and well-defined fungal clades was not clear-cut, because several strains in the most virulent groups had little impact on plant growth. It would be reasonable to expect a clear differentiation in the associations involving particular fungal lineages, given the diverse life histories that determine distinctive physiological and morphological adaptations. Such trends have been identified in endophytes (Mayerhofer et al., 2012) , but they are generally diffuse owing to a high intraspecific variability that often exceeds the variation between species (Tellenbach, et al. 2011; Mandyam and Jumpponen, 2014) . Fungal determinants of the symbiosis might be subject to rapid and recent change over evolutionary time, perhaps separating different genetic populations within species. For example, Fusarium species show a wide intraspecific variability in their virulence because they have pathogenicity genes subject to strong diversifying pressure or that can be horizontally transferred Trait-based classification of root endophytes SH Kia et al with mobile chromosomes (Ma et al., 2010; Sperschneider et al., 2015) . Further, Cheikh- Ali et al. (2015) ) found that root endophytes of a same phylotype isolated from distant localities expressed divergent morphological and physiological characters. The high intra-specific variation of plant- endophyte interactions has likely ecological implications for the local assembly of natural communities, because it might be a consequence of adaptations to local conditions. This would promote selection mosaics across landscapes in which particular combinations of symbionts are favored by their joint response to extant conditions (Thompson, 2005; Piculell et al., 2008) .
The broad variability in plant-endophyte interactions contrasts with patterns of evolution in functional traits of arbuscular mycorrhizal fungi, which appear to be phylogenetically conserved at the family level (Powell et al., 2009; Chagnon et al., 2013) . The opposing patterns between mycorrhizal and non-mycorrhizal fungal endosymbionts probably reflect large differences in their specialization for the symbiosis. Unlike mycorrhizas, most endophytes are not bound to their plant hosts and can be found as saprotrophs in other substrata. Therefore, their evolution might be less subjected to constraints imposed by the symbiotic lifestyle.
Phylogeny-independent determinants of plantendophyte interactions
The growth responses to fungal colonization varied among plant species. Interactions involving either brassicaceous host had a great dependency on the phylogenetic relations of strains, whereas in H. vulgare convergent fungal traits were more important in explaining the growth responses to inoculation. The distinctive results across plants could have been determined by methodological differences in the bioassays. Nevertheless, A. thaliana and M. erraticum were tested using a similar setup yet they had divergent responses to particular fungal groups like fusaria or Pleosporaceae strains, whereas growth patterns of M. erraticum had commonalities with those of barley. Besides, only M. erraticum showed a significant degree of conservatism in its response to close fungal relatives, which can be indicative of mutual adaptations between partners, given the affiliation of the plant with the natural host of most strains. Therefore, it seems likely that the variation in individual plantendophyte combinations largely reflects actual specificities across partners.
In all cases, a significant amount of the variation was explained by traits shared by dispersed fungal clades, which were correlated with the outcome of interactions in a similar manner. Among these, the growth rates of strains were strongly associated with reductions of plant biomass, probably owing to the tendency of these strains to colonize host tissues systemically and to their larger demands on plant carbon. Likewise, strains capable to sporulate in culture tended to be more detrimental to plants, perhaps owing to the linkage of this trait with fast rates of mycelial growth.
Dematiaceous fungi were less prone to develop detrimental symbioses. Melanized hyphae, in combination with lack of spores in culture and the production of intraradical microsclerotia are defining attributes of DSE. These form a polyphyletic 
Only model data of variables with a significant effect (Po0.05) are shown. Results of PGLS models show the slope ( ± s.e.) of the fitted line representing the correlation between variables, the coefficient of determination, the P-value of the model, and the estimate of the phylogenetic signal associated with the regression as Pagel's λ.
Trait-based classification of root endophytes SH Kia et al group of fungi frequently regarded as potential mutualists based on their high prevalence and ubiquity in roots (Mandyam and Jumpponen, 2005) , although their symbiotic function is still elusive. Newsham (2011) detected a net positive effect of DSE on plant performance, associated with increments in nutrients uptake in the presence of soil organic matter. The hydrolytic capabilities of several DSE have been previously described and suggest that they are able to access detrital nutrient pools as saprotrophs (Caldwell et al., 2000; Mandyam and Jumpponen, 2005; Mandyam et al., 2010) . Our inoculation assays did not include organic sources of nutrients available for the fungi other than the plant, but the saprotrophic capabilities of DSE might entail in nature a fitness benefit to hosts that could easily overcome their weak parasitism. We were unable to detect direct substantial effects of the strains' physiological activities on the outcome of interactions. Laccase and pectinase activities were the only traits somewhat associated with plant performance in barley. The expression of hydrolytic activities was highly variable in our assays, perhaps reflecting different substrate specificities and inducing conditions (Basiewicz et al., 2012) , or unspecificities in the detection of particular activities (Johnsen and Krause, 2014) . But this variation also highlights large differences among and within fungal taxa that suggest a broad diversity of potential interactions in response to the availability of substrates. This could be ultimately confirmed by comparing genomic traits relative to these activities and the assessment of their expression in planta (Lahrmann et al., 2015) .
The original host of strains had a strong impact on their interactions with M. erraticum, in which strains isolated from congeneric plants were more virulent. This could indicate a certain host specificity of these strains that is backed by their phylogenetically conserved effect on this plant. Similar effects have been described for other root-endophytic (Tellenbach et al., 2011) , pathogenic (Sacristán and García-Arenal, 2008) and mycorrhizal symbioses (Klironomos, 2003; Hoeksema and Thompson, 2007) , what supports the hypothesis of symbiotic partners co-evolving in response to each other. Interestingly, stronger adaptations of root endophytes to their hosts often lead to an increased virulence (Tellenbach et al., 2011) , as opposed to those involving mutualistic mycorrhizas (Hoeksema and Thompson, 2007) . This hints to parasitism as the main lifestyle adopted by many root endophytes in nature.
Trait-based classification of strains The grouping of strains based on the similarity of their traits clearly separated endophytic lineages that frequently dominate and co-exist in roots, particularly those related to Fusarium, Pleosporaceae and Cadophora-like (Glynou et al., 2016) . The clustering was influenced by life history traits associated with the plant's response to infection, suggesting a differential niche occupancy by groups of endophytes likely to condition their spatial distribution (Violle et al., 2007; Violle and Jiang, 2009 ). Fusarium spp. clearly differed from other taxa by fast growth and production of conidia. These characters are associated with an efficient ability of dispersal and resource colonization, which is consistent with the broad distribution across Europe observed for OTUs in this group (Glynou et al., 2016) . Pleosporaceous and Cadophora-like strains, on the other hand, had slower growth rates and exhibited traits typical of DSE, and their geographical distribution apparently is constrained by environmental factors such as climatic and soil variables (Glynou et al., 2016) . Spatial distribution is often used as a proxy of niche breadth, but this principle has been shown to be less applicable to microbes than to macroorganisms (Carbonero et al., 2014) . Microorganisms highly specialized for a particular factor can have broad distributions if the latter is widespread, because they are less affected by other conditions than other generalist species. Consequently, the wide spatial occurrence of Fusarium spp. independently of other environmental factors could be a result of their efficient adaptations to colonize roots.
Fungal traits as determinants of community assembly Our selection of strains represents well the composition and structure of endophytic assemblages associated with Microthlaspi spp. and other plants (Maciá-Vicente et al., 2008a Sieber and Grünig, 2013; Keim et al., 2014) , which are often co-dominated by species related to Fusarium, Pleosporaceae and Cadophora. The distinctive traits of these lineages are suggestive of different niche occupancies, therefore it is possible to associate the phylogenetic diversity of endophytic communities with processes of competition or complementarity among species. The co-occurrence of endophytes not sharing functional characteristics is indicative that competition is a main driver of community assembly, because functional complementarity reduces competition and promotes co-existence Klironomos, 2007, 2012) . Conversely, communities shaped by environmental filtering usually show phylogenetic clustering of species with similar traits selected by the limiting factors. This could explain the low diversity in root-endophytic communities subject to salt stress, where pleosporaceous endophytes become enriched while otherwise dominant fusaria are absent (Maciá-Vicente et al., 2008a . Although functional complementarity among species enhances ecosystem function, the trait similarity of phylogenetically related endophytes (for example, different Fusarium spp. co-occurring in the same root) can lead to functional redundancy. This has shown to provide stability to plantendophyte symbioses, because it prevents the loss of symbiotic functions with the replacement of fungal species across environmental gradients (Maherali and Klironomos, 2007) .
